In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in Introduction Humans as well as many of their farm animals do not endogenously synthesize a number of amino acids and therefore obtain these so-called 'essential' amino acids through consumption of plant-based and/or livestock-based foods. Livestock generally obtain these essential amino acids only through the sole consumption of plant-based feeds. Among the essential amino acids required as human foods and livestock feeds, lysine and methionine are the most important since they are the most limiting essential amino acids in cereal and legume crops, respectively, which represent the major food and feed sources worldwide. Shortage of lysine and methionine in foods is less of a problem for people living in developed countries because consumption of meat and milk from farm animals generally provides a sufficient amount of these essential amino acids in their diets. In these countries, lysine is widely used for the livestock feeding industry. Yet, shortage of lysine and methionine is of particular importance in developing countries in which the major crop plants are cereals and legumes whose grains are particularly poor in lysine and methionine, respectively, and also do not contain optimal levels of some other essential amino acids.
Unfortunately, attempts to improve the lysine content in crop plants by breeding have been largely unsuccessful. The only exception is maize in which successful enhancement of seed lysine content was achieved by generating quality protein maize (QPM) cultivars (Zarkadas et al., 2000; Gibbon and Larkins, 2005) . It was thought that the reason for the lack of success in other crops is largely due to: (i) limited availability of genetic resources for high lysine Journal of Experimental Botany, Vol. 63, No. 14, pp. 4995-5001, 2012 doi:10.1093 /jxb/ers119 Advance Access publication 19 April, 2012 content in most crop species; and (ii) the genetic traits for high lysine content are strongly associated with other deleterious traits causing abnormal vegetative development. Yet, significant enhancement of lysine levels specifically in developing seeds by genetic engineering also causes major problems associated with inefficient seed germination and plant growth. Subsequent studies also suggested that these deleterious phenotypes are due to the metabolic connection of the aspartate-family pathway with the tricarboxylic acid (TCA) cycle that controls energy metabolism (Engqvist et al., 2009 (Engqvist et al., , 2010 Araujo et al., 2010) . This further indicated that understanding the operation of this large network is important for optimal improvement of the content of essential amino acids in plants.
In the present review, we discuss the biological multifaceted regulation of the metabolism (synthesis and catabolism) of amino acids of the Arabidopsis aspartate-family pathway, focusing particularly on recent studies associated with lysine and isoleucine catabolism. This multifaceted regulation represents an association of carbon/nitrogen metabolism, which connects amino acid metabolism with the TCA cycle. More details on the aspartate-family pathway can be found in the following reviews as examples (Galili, 2002; Jander and Joshi, 2010) .
The aspartate-family pathway: a combination of biosynthetic and catabolic fluxes
The aspartate-family pathway of plants synthesizes, through several different metabolic branches, four essential amino acids (lysine, threonine, methionine, and isoleucine) as well as the amino acid glycine, which is also a key photorespiratory intermediate (Fig. 1) . Given that the photorespiratory process has recently been extensively reviewed (Foyer et al., 2009; Bauwe et al., 2010) , we will not detail these aspects here. The classical function of these amino acids is in protein synthesis; but all of these amino acids can also be catabolized into the TCA cycle in order to contribute to cellular energy metabolism ( Fig. 1) (Galili, 2011) . The catabolism of the aspartate-family amino acids into the TCA cycle has been demonstrated in microorganisms, but so far there is only a small amount of information on the catabolism of these amino acids in plants, and the extent of its contribution to the total pool of cellular energy remains far from complete. The physiological connection of the aspartate-family pathway to cellular energy metabolism in plants was originally discovered in research aimed at improving the level of lysine specifically in plant seeds, using Arabidopsis as a model system. The idea behind this original research was to develop a strategy to enhance significantly the accumulation of lysine in seeds by two combined traits: (i) expression of a bacterial feedback-insensitive dihydrodipicolinate synthase (DHDPS), the first enzyme of the lysine biosynthesis pathway, specifically in developing seeds, to overcome the sensitivity of the natural plant DHDPS enzyme to feedback inhibition by lysine; and (ii) knockout mutation or seed-specific RNA interference (RNAi)mediated suppression of the single Arabidopsis lysineketoglutarate synthase/saccharopine dehydrogenase LKR/ SDH gene to block the catabolism (degradation) of lysine (Zhu and Galili, 2003 Galili, , 2004 (Fig. 1 ). Both Arabidopsis genotypes possessed significantly increased accumulation of seed free lysine (Zhu and Galili, 2003 Galili, , 2004 . However, combining the LKR/SDH knockout trait together with expression of a bacterial feedback-insensitive DHDPS (termed the KD genotype) resulted in a higher accumulation of seed lysine levels, compared with utilizing the LKR/ SDH RNAi plus the bacterial feedback-insensitive DHDPS traits. Furthermore, germination of the KD plants was retarded to a higher extent, compared with the germination of the genotype containing the LKR/SDH RNAi trait (Zhu and Galili, 2003 Galili, , 2004 .
Since amino acid catabolism is generally channelled into the TCA cycle (see Fig. 1 for details), developing and germinating seeds of the KD genotype were also subjected to analysis of the levels of primary metabolites, using the Fig. 1 . Schematic representation of biosynthetic and catabolic steps in the aspartate family pathway of plants. Plus and minus signs mark the respective biosynthetic and catabolic steps that were manipulated to enhance lysine accumulation in Arabidopsis seeds (Zhu and Galili, 2003 Galili, , 2004 . Single and double asterisks mark the biosynthetic and catabolic enzymes that were manipulated, respectively, in the labs of the Israeli and German authors of this article, using either a bacterial gene, knockout mutations, or RNAimediated suppression (Zhu and Galili, 2003 Galili, , 2004 Araujo et al., 2010 Araujo et al., , 2011 . Arrows containing two crossed lines represent multiple enzymatic steps. DHDPS, dihydrodipicolinate synthase; CGS, cystathionine c-synthase; LKR/SDH, lysine-ketoglutarate reductase/ saccharopine dehydrogenase; D2HGDH, 2-hydroxyglutarate dehydrogenase; IVDH, isovalery-CoA dehydrogenase; ETF/ETFQO, electron transfer flavoprotein/electron transfer flavoprotein:ubiquinone oxidoreductase.
gas chromatography-mass spectroscopy (GC-MS) approach. This analysis revealed a significant reduction in the levels of several TCA cycle-associated metabolites in both developing and germinating seeds (Angelovici et al., 2009 , indicating a metabolic connection between the aspartate-family pathway and cellular energy metabolism.
Molecular and metabolic connection of the aspartate-family pathway with the TCA cycle Apart from the metabolic engineering approach of lysine enhancement in seeds (discussed above), so far there is currently only a relatively small amount of information related to the molecular, enzymatic, physiological, and genetic connections of the aspartate-family pathway of amino acid metabolism with the TCA cycle controlling cellular energy. Although the role of the TCA cycle in energy production is well defined, this cycle has a plethora of other functions, such as meeting the demand for carbon skeletons imposed by anabolic processes, such as amino acid synthesis (Douce and Neuburger, 1989; Mackenzie and McIntosh, 1999) , isoprenoid synthesis (Fatland et al., 2005) , regulation of cellular redox (Scheibe et al., 2005) , and the control of the carbon/nitrogen balance (Noguchi and Terashima, 2006) . The results discussed below demonstrated a significant metabolic connection between the aspartate-family pathway and the TCA cycle, a metabolic connection whose molecular and regulatory significance has only recently started to emerge. It is, however, important to note that the biological function of this metabolic connection might have a major role in the physiological response of plants to various abiotic stresses that cause energy deprivation. Thus, a growing body of evidence has revealed that plants, like mammals, contain an alternative route of electron provision to the mitochondrial electron transport chain which is mainly mediated by the electron transfer flavoprotein (ETF)-ETF:ubiquinone oxidoreductase (ETF-ETFQO) complex (Ishizaki et al., 2005 Engqvist et al., 2009 Araujo et al., 2010) . A significant accumulation of amino acids and TCA cycle intermediates during dark-induced senescence has been previously observed (Ishizaki et al., 2005 (Ishizaki et al., , 2006 Araujo et al., 2010) and it has also been demonstrated that both isovaleryl-CoA dehydrogenase and 2-D-hydroxyglutarate dehydrogenase provide electrons to the plant ubiquinol pool via the ETF-ETFQO complex (Fig. 2) (Engqvist et al., 2009; Araujo et al., 2010) .
Substrates of the ETF-ETFQO complex in plants
The catabolism of amino acids feeds into this pathway via the reactions catalysed by isovaleryl-CoA dehydrogenase and 2-D-hydroxyglutarate dehydrogenase (Fig. 2) (Engqvist et al., 2009; Araujo et al., 2010 Araujo et al., , 2011 Moreover, and most importantly, the results observed under a range of different growth conditions suggest a role for the ETF-ETFQO pathway not only during the severe stress imposed by extended darkness but also under conditions experienced by most plants at some stage during their life cycle (Araujo et al., 2010; Caldana et al., 2011; Engqvist et al., 2010) . Although 2-hydroxyglutarate, the substrate of the 2-Dhydroxyglutarate dehydrogenase, is a well-known metabolic intermediate in bacteria, yeast, and mammals, little or nothing is known about the biological function of this metabolite in plant tissues (Engqvist et al., 2009) . Based on feeding experiments, Araujo et al. (2010) suggested that in plants lysine can be degraded via 2-hydroxyglutarate or via a-ketovalerate and that in Arabidopsis the flux load carried by these alternative pathways is approximately equivalent. When taken together with the results of Gu and co-workers (2010) , this confirms that both isovaleryl-CoA dehydrogenase and 2-D-hydroxyglutarate dehydrogenase operate in two separate albeit functionally similar pathways.
In plants, the electron donation to the ETF system occurs via the catabolism of branched chain and aromatic amino acids and lysine in the case of isovaleryl-CoA dehydrogenase, and by the catabolism of aromatic amino acids and particularly lysine in the case of 2-D-hydroxyglutarate dehydrogenase. However, it should be mentioned that the route linking the aromatic amino acids and the ETF system has yet to be fully uncovered. Additionally, transcripts encoding the ETF complex were up-regulated in pea embryos that had been genetically engineered to display enhanced amino acid import (Weigelt et al., 2008) and in deeper layers of the pericarp of young tomato fruit (Lytovchenko et al., 2011; Matas et al., 2011) . The up-regulation of the ETF complex pinpoints a very complex regulatory interaction between amino acid metabolic networks, with particular emphasis on the aspartate-family pathway and the mitochondrial metabolism. Such an interaction enables continued operation of the mitochondrial electron transport chain following the catabolism of a range of alternatives substrates, including lysine, under limited carbon availability. In addition, metabolite analysis of the mitochondrial protein complex composition following oxidative stress suggested that enhancement of amino acid catabolism into the TCA cycle might compensate for a reduced electron supply from the TCA cycle (Obata et al., 2011) . Altogether, the fact that degradation of branched chain amino acids, aromatic amino acids and particularly lysine provides electrons to the mitochondrial electron transport chain by both direct and indirect routes represents a strong connection between amino acid metabolism and the TCA cycle. However, the role of the mitochondrial alternative pathways linked to the electron transport chain in plants and its connection with lysine metabolism remains to be fully elucidated.
Given the fact that the ETF-ETFQO pathway is likely to be involved not only in the process of lysine degradation but also in the routes of aromatic amino acid and phytol breakdown, it is likely that much more research effort needs to be expended before the metabolic control underlying this complex process is understood beyond a cursory level. The unexpected influence of branched chain amino acid degradation on accumulation of several other amino acids, some of it unrelated to branch chain amino acid metabolism and
The aspartate-family pathway of plants: synthesis and catabolism | 3 of 7 The aspartate-family pathway of plants: synthesis and catabolism | 4997 specialized metabolites (e.g. glucosinolates) (Gu et al., 2010) , underlines the current idea that metabolic regulation is far more complex than suggested by our textbook view of central metabolism. In summary, the understanding of regulation of the responses of classical and alternative pathways of respiration under substrate deficiency is still limited. Additional studies are needed to understand fully the role of the mitochondrial alternative pathways linked to the electron transport chain in plants. Similarly, the marked accumulation of amino acids in both etfb (Ishizaki et al., 2006) and etfqo mutants (Ishizaki et al., 2005) as well as in ivdh-1 and d2hgdh1-2 mutants of isoleucine and lysine catabolism coupled with co-expression analyses (Engqvist et al., 2009; Araujo et al., 2010 Araujo et al., , 2011 suggest that further analysis of mitochondrial metabolism may identify additional components of the lysine degradation pathway and their role in the cross-compartment pathway of protein degradation and the alternative pathways of respiration.
By analogy to mammalian systems, the results shown by Araujo et al. (2010) alongside expression profiling during plant development (Faivre-Nitschke et al., 2001) implicate isovaleryl-CoA dehydrogenase to be also highly important in the breakdown of leucine. However, as yet, direct evidence in support of this theory is lacking and more work is needed to understand fully the role of branched chain amino acids in plant metabolism.
Plant branched chain amino acid catabolism
In sharp contrast to this situation, work on herbicides has allowed significant advances in the understanding of branched chain amino acid synthesis (Singh and Shaner, 1995; Aubert et al., 1997; Halgand et al., 1998) , although the regulation of catabolism is not yet completely understood. The possible roles of branched chain amino acids in energy metabolism and the longevity of species ranging from unicellular organisms to mammals has been recently addressed (Valerio et al., 2011) . Unsurprisingly, since humans and many agriculturally important animals lack the ability to synthesize branched chain amino acids, there is a tremendous interest in increasing the levels of these socalled essential amino acids in crop plants (Ufaz and Galili, 2008) .
Catabolism is believed to be initiated in mitochondria, where the branched chain keto acid (BCKA) dehydrogenase complex is located (Taylor et al., 2004) , and recent evidence has shown that the tomato branch chain aminotransferase (BCAT) family are highly diverse in terms of subcellular location, substrate preference, and expression. As an example SlBCAT2 is expressed in all green tissues examined and it is probably a more general contributor to branch chain amino acid catabolism (Maloney et al., 2010) . The authors suggested that a catabolic mitochondrial housekeeping gene is likely to exist, since branched chain amino acids are used as precursors to the TCA cycle intermediates succinyl-CoA and acetyl-CoA as well as direct electron donors of the mitochondrial electron transport chain. This enzyme may also function in the crucial process of regulating steady-state levels of branched chain amino acids in cells. It should be noted, however, that branched chain amino acid catabolism probably has many other functions in plants (Daschner et al., 1999; Taylor et al., 2004; Fig. 2 . The mitochondrial electron transport chain and its alternative electrons donnors. Both isovaleryl-CoA and hydroxyglutarate have recently been shown to be associated with electron donation to the mitochondrial electron transport chain particularly under carbon starvation and stress-related situations (demonstrated in red). The electrons generated are transferred to the respiratory chain through to the ubiquinol pool via an ETF-ETFQO system. 2-OG, 2-oxoglutarate; HG, hydroxyglutarate; e-, electron; ETF, electron transfer flavoprotein; ETFQO, ETF:ubiquinone oxidoreductase; Lys, lysine; TCA cycle, tricarboxylic acid cycle; UQ, ubiquinone; 3-MC-CoA, 3-methylcrotonyl-CoA. Engqvist et al., 2009) . For instance, an independent and parallel work has shown the involvement of isovaleryl-CoA dehydrogenase in the branched chain amino acid catabolic pathway as well as its impact on the metabolism of many unrelated compounds in Arabidopsis seeds, including an increase in 12 amino acids (Gu et al., 2010) . The incredibly high levels of isoleucine observed both in mutants of the ETF pathway (Araujo et al., 2010) and in the screening work performed by Gu et al. (2010) could be explained by two possible mechanisms. First, and in sharp contrast to the results from in vitro biochemistry (Goetzman et al., 2005) , the isovaleryl-CoA dehydrogenase could be directly involved in isoleucine catabolism. Alternatively, increased leucine or valine could also lead to increased isoleucine accumulation through indirect effects on biosynthesis or catabolism. In good agreement with the second hypothesis, strong correlation of the three branched chain amino acids has been documented in wild-type Arabidopsis (Lu et al., 2008) and tomato fruit pericarp of introgression lines (ILs) resulting from the interspecific cross of Solanum lycopersicum and its wild relative S. pennellii (Schauer et al., , 2008 . The studies in tomato identified a number of quantitative trait loci (QTLs) for enhanced levels of these amino acids, which may be useful for future metabolomicsassisted breeding programmes (Fernie and Schauer, 2009 ). In addition, it has been independently shown that this phenotype is likely to be controlled by BCAT1 and 4 (Maloney et al., 2010) , although minor control may also reside in isopropylmalate dehydratase (Kochevenko and Fernie, 2011) . Furthermore, the importance of branched chain amino acid metabolism in the maintenance of tomato fruit respiration during ripening has also been recently demonstrated (Kochevenko and Fernie, 2011) . The same study has also provided compelling evidence that keto acids, rather than amino acids, are the more likely precursors for the branched chain flavour volatiles observed in tomato fruits. These data suggest that, at least in tomato, metabolic engineering of the branched chain amino acid content is unlikely to enhance flavour characteristics further.
It has been recently proposed that alternative pathways of plant respiration are induced under several environmentally and developmentally associated stress conditions that lead to a restriction in the provision of carbon for mitochondrial respiration and are coordinated with a general increase in protein degradation and amino acid metabolism. Bioinformatics analysis indicated that, at least in Arabidopsis, the extent of protein degradation suggests an integrated action of enzymes that is capable of increasing the electron donation to the mitochondrial electron chain and revealed close connections between the processes of authopaghy, ubiquitinylation, protein degradation, amino acid metabolism, and chlorophyll breakdown (Araujo et al., 2010 .
Given the crucial roles of mitochondria in multiple metabolic pathways, precise control of mitochondrial metabolism and function is crucial for cellular homeostasis. Not surprisingly, mitochondrial dysfunction leads to several metabolic and phenotypic consequences (Araujo et al., 2010; Nunes-Nesi et al., 2010) . Furthermore, our understanding of the regulation of the responses of classical and alternative pathways of respiration linked to protein degradation during plant development and substrate deficiency is still limited. Hence additional studies are clearly needed to understand fully the role of mitochondrial metabolism in plants, with special emphasis on the role it has during amino acid metabolism.
Bioinformatic clues to metabolic interconnectivity
The metabolic connection of the aspartate-family pathway with the TCA cycle has also recently emerged from a dedicated bioinformatics approach, analysing the network expression behaviour of the entire set of Arabidopsis genes encoding metabolic enzymes and transcription factors to multiple abiotic and biotic stresses as well as to some nutritional and hormonal cues (Less et al., 2011) . This study elucidated three distinct clusters of genes: (i) a cluster (termed cluster 1) containing genes whose expression is particularly up-regulated in a coordinated manner; (ii) a cluster (termed cluster 3) containing genes whose expression is particularly down-regulated in a coordinated manner; and (iii) an unexpected cluster (termed cluster 2) containing genes whose expression is particularly down-regulated in a coordinated manner in response to abiotic stress, while being particularly up-regulated in a coordinated manner in response to biotic stress (Less et al., 2011) . Interestingly, the enriched biological processes associated with genes of cluster 2 included, among others, energy-associated metabolism (such as glycolysis, the TCA cycle, pyruvate dehydrogenase complex, mitochondrial electron transport, and ATP biosynthesis) as well as the aspartate-family pathway (Less et al., 2011) .
Concluding remarks
The present article discusses the metabolic connection of the aspartate-family pathway with the TCA cycle of cellular energy metabolism as has emerged from recent publications. The marked accumulation of amino acids in both etfb (Ishizaki et al., 2006) and etfqo mutants (Ishizaki et al., 2005) as well as in ivdh-1 and d2hgdh1-2 mutants, coupled with co-expression analyses (Engqvist et al., 2009; Araujo et al., 2012 Araujo et al., , 2011 suggest that further analysis of mitochondrial metabolism may identify additional components of the lysine and isoleucine degradation pathways and their role in the cross-compartment pathway of protein degradation and the alternative pathways of respiration. Further understanding of regulation of the responses of classical and alternative pathways of amino acid catabolism under substrate deficiency is still limited and awaits future research. Since the aspartate-family amino acids are essential to human and monogastric livestock, this article also illustrates an example of how a deep understanding of biological processes associated with the catabolism of amino acids of the aspartate-family pathway is important for optimal improvement of the nutritional quality of plants, by enriching the contents of these essential amino acids and minimizing the negative of this process on plant growth and productivity.
